The use of complex arithmetic is a natural way to treat vectorially polarized data, where the real and imaginary components can be taken as two perpendicular axes. This transforms multicomponent data from conventional Cartesian coordinates to polar coordinates, and allows the calculation of instantaneous amplitude and instantaneous polarization. We call this technique complex component analysis. Wave motion can be represented by instantaneous attributes which show distinct features characteristic of the type of wave motion. It is particularly informative to examine shear-wave splitting by instantaneous attributes. The instantaneous amplitude of shear-wave splitting has a number of local maxima, and the instantaneous polarization has a combination of rectangular and semitriangular shapes. Shearwave splitting can be identified from displays of instantaneous amplitude and polarization, where the polarization of the faster split shear wave and the delay between the two split shear waves can be quantified from colour-coded displays. The instantaneous attributes can be displayed as wiggle-lines of amplitude superimposed on a colour-coded polarization, where the use of colour improves the indentification and quantification of shear-wave splitting.
INTRODUCTION
Shear-wave splitting occurs along almost all ray paths in the uppermost 10 to 20 km of the Earth's crust (Crampin 1985a (Crampin , 1987 Crampin & Atkinson 1985) , including most sedimentary basins (Alford 1986; Willis, Rethford & Bielanski 1986 ). We present a technique (Li & Crampin 1990a , 1990b ), which we shall call complex component analysis, to analyse shear-wave splitting in multicomponent reflection and VSP surveys.
RenC et al. (1986) extended complex trace analysis (Taner & Sheriff 1977; Taner, Koehler & Sheriff 1979) to multicomponent data. They defined the complex multicomponent trace with real orthogonal components and imaginary (quadrature) components derived by application of the Hilbert transform to the corresponding real components. They then defined several polarization attributes including phase difference, reciprocal ellipticity and tilt angle. They applied the technique to multicomponent walkaway seismic data to characterize ambient noise and source-generated waves.
Here, we directly define the two horizontal components of multicomponent reflection and VSP surveys as the real and imaginary parts of a complex component. This transforms multicomponent data from conventional Cartesian coordinates to polar coordinates, and allows the calculation of instantaneous amplitude and instantaneous polarization. These quantities, referred to as seismic attributes (following Taner et al. 1979) , can be presented in conventional seismic time-versus-offset displays in which colour is used to quantify the polarizations of the shear waves.
Three major applications of such complex component analysis can be envisaged as follows.
(1) Anisotropic interpretation. Attributes can assist in the rapid recognition and identification of shear-wave splitting in seismic sections, and in extracting shear-wave polarizations and delays from seismic data for interpretation in terms of the crack-and stress-geometry throughout the reservoir.
(2) Stratigraphic interpretation. Seismic attributes provide further information about the location and analysis of faults, discontinuities, unconformities, and other geological features, as demonstrated by Taner et al. (1979) .
(3) Hydrocarbon determination. Attributes can assist in recognizing and interpreting bright spots, with particular application to the relative brightness of differential shear-wave amplitude. Such bright spots are likely to be associated with hydrocarbon accumulations in oriented cracks and fractures. Attributes can also help in interpreting fracture zones, and identifying lateral variation of fracture intensity, which may be related to preferential permeability. This paper presents the theory of complex component analysis of shear-wave splitting. The paper suggests techniques for estimating the behaviour of shear waves, and demonstrates the significance of instantaneous attributes in identifying and evaluating shear-wave splitting.
SIGNIFICANCE OF THE COMPLEX COMPONENT

Definitions
We assume a multicomponent shear-wave data set with the horizontal in-line x(t) and cross-line y(t) recording geometry shown in Fig. 1 . We may write the horizontal displacement of a shear wave (or any seismic wave), with vector displacement Pt, amplitude A(t) and angle to the inline direction e(t), as
y(t) = A(t) sin e(t).
Thus, x(t) and y(t) can be considered as the real and imaginary parts of a complex signal 2 (t) = x(t) + iy (t), where i is the square root of -1. In this way, the method of complex trace analysis of single component data (Taner & Sheriff 1977; Taner et al. 1979) can be extended to multicomponent data without using the Hilbert transforms (Rem5 et al. 1986). Solving for A and 8 for any x and y, we have
defined for f180"; where A(t) is the instantaneous amplitude; and e(t) is the instantaneous polarization.
Physical significance
In addition to the attributes described above, the wavetrain also contains information about instantaneous frequency, apparent polarity, energy distribution, and waveform, which Diagram showing the coordinate system for complex component analysis. P' is the horizontal displacement of a shear wave at time ? with amplitude A(t) and angle e(t) to the inline direction, and x(t) and y(t) are the coordinates of the two horizontal components in a Cartesian coordinate system.
can also be extracted from complex components (Taner et al. 1979; Huang 1989) . Each piece of information has a particular significance and application in exploration seismology, and in reservoir characterization and development. Here, we shall only discuss instantaneous amplitude and instantaneous polarization.
Instantaneous amplitude
The instantaneous amplitude in equation (3) is a measure of the distance between the moving particle and its equilibrium position. Instantaneous amplitude may have its maximum at points other than at peaks or troughs of the two individual horizontal components. Local maxima of instantaneous amplitude indicate the largest distance of the particle from its equilibrium position, and may help in identifying the onset of the shear-wave signal and the interference of split shear waves without rotating seismogram axes.
Instantaneous polarization
The instantaneous polarization in equation (4) is a measure of the polarization direction of the moving particle relative to the polarization direction of the source. Since the polarization is independent of amplitude, it may give clear particle motion directions even for weak arrivals as long as they are coherent signals. Thus, instantaneous polarization may be a good indicator of discontinuities, faults, pinchouts, and angularities, as demonstrated in similar circumstances by Taner et al. (1979) . The variation of the instantaneous polarization of recorded split shear waves represents the variation of the direction of the particle motion of the split shear waves. The first arrival of the split shear waves is polarized in a direction fixed by the ray path through the anisotropic rock (Crampin 1981) , so that the instantaneous polarization tends to remain constant until the arrival of the slower split shear wave. Thus the polarization display, and associated amplitude display, can help to identify and quantify shear-wave splitting in both seismic reflection and VSP data sets.
Represention of wave motion
Figures 2(a) and (b) show the seismograms and instantaneous amplitude and polarization attributes of eight typical wave motions: linear, elliptical, and shear-wave splitting with six different time delays. Fig. 3 shows corresponding polarization diagrams (hodograms) of the particle motion. Since any shear-wave motion in the horizontal plane can be considered as either linearly, or elliptically polarized (or some combination thereof in shear-wave splitting), we first discuss these two characteristic types of wave motion.
Linear wave motion
WMl in Figs 2 and 3 show typical linear motion, that can be written as
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We see that the instantaneous polarization of linear motion is a series of rectangular shapes. The important features to note are as follows.
(1) The height or depth of the initial rectangle from the base line is the polarization angle of the linear motion at that point, and the height or depth of the next rectangle is the polarization angle less 180". Note that there is only one rectangle unless the signal is more than half a cycle long.
(2) The width of the rectangle is the half period of the wave motion, independent of the number of cycles in the waveform (as long as the signal contains at least half a cycle). Thus, the angle of polarization given by the instantaneous polarization in Fig. 2(b) is 160", and the instantaneous amplitude has two local maxima. The final narrower rectangle in WMl, Fig. 2(b) , is a result of the low-amplitude tail of the wavelet used in Fig. 2 
(a).
Elliptical motion
The elliptical motion WM2 in Figs 2(a) and 3 can be represented by y(t) = a sin ot,
x(t) = b cos (wt + #),
where a and b are the peak amplitudes in y and x components (WM2, Fig. 2a ), respectively; o is the angular frequency, here taken to be 2~r x 40, say, for a 40 Hz signal, and @ is a phase shift, here taken to be 20".
The elliptical motion in Fig. 2 (b) gives a varying instantaneous polarization of repeated characteristic shapes, which we call 'semitriangular'. The polarization angle of the ellipse (the direction of semimajor axis, also called the effective polarization angle) can be determined by combining the instantaneous amplitude displays. The maximum amplitude occurs when the particle displacement is at the long axis of the ellipse. Thus, the angle at the time where the amplitude has a local maximum is an effective polarization angle. (Note, however, that this is not usually coincident with the polarization directions of either of the split shear waves.) There is also another feature which can be used to determine the polarization angle of the ellipse. When the particle motion is at the maximum, the polarization has a smooth variation which forms a step in the instantaneous polarization [marked with arrowhead in WM2, Fig. 2(b) ]. The polarization angle can be estimated from the amplitude of this step.
The features discussed above can be used to determine the type of wave motion. Wholly rectangular shapes indicate linear motion (or well-separated split shear waves), and semitriangular shapes indicate some form of elliptical motion. Note that if black and white plots of instantaneous polarization, as in Fig. 2(b) , were to be routinely used to determine polarization angles, the polarization would need to be plotted at a larger scale so that the values of the polarization would be easily read. More effective displays will be discussed below.
SHEAR-WAVE SPLITTING
The most characteristic features of shear waves in anisotropic structures are the polarization anomalies in the 3-D waveforms resulting from shear waves splitting into phases which propagate with different polarizations and different velocities (Crampin 1978 (Crampin , 1981 . The polarization patterns of shear-wave splitting can be represented by the interference of two linear motions with (typically) similar waveforms but different polarization directions and separated by a time delay. The interference of these signals results in a combination of linear and elliptical waveforms, or two linear waveforms if the time delay between the two split shear waves is large enough to separate the signals. The patterns of particle motion vary with the delay and particle-motion polarizations of the two split shear waves.
We examine a variety of characteristic wavetypes. Without loss of generality, we assume in this paper that the two split shear-wave polarizations are polarized orthogonally.
Polarization patterns
The six polarization patterns, WM3 to WM8 in Fig. 3 , are characteristic of shear-wave splitting with a range of delays: from WM3 to WM8, the delay linearly increases from 8 to 48 on a 40 Hz signal (phase delays from 72" to 432", respectively). At the onset of the faster split shear waves, the polarizations are linear. At the onset of the slower shear waves, the polarizations either change smoothly to elliptical motion or change abruptly to further linear motion in different directions, if the delays between the two split shear waves are sufficiently large. When the delays between the split shear waves are less than half a cycle (as in WM3 and WM4, Fig. 3 ), the polarizations change smoothly with elliptical patterns of polarization, and the underlying characteristic cruciform patterns are barely discernible. As the delays increase beyond half a period (WM5 and WM6), the polarizations change more sharply, and the cruciform patterns become clearer. When the delays are equal to the period of the wave (WM7), or greater (WM8), the polarizations change abruptly, and the patterns are wholly cruciform.
Instantaneous attributes
Figure 2(b) shows corresponding instantaneous attributes of amplitude (A) and polarization (P) of the seismograms in Fig. 2(a) and polarization diagrams in Fig. 3 .
WM3 and WM4
The amplitude has three local maxima, and the polarization starts with a step equal to the polarization angle of the first arrival. The polarization then remains constant until the slower wave arrives, when it changes smoothly. If the change can be identified [marked by arrowheads in WM3 and WM4. Fig. 2(b) ], the arrival time and polarization direction of the slower split shear wave and the delay between the two split shear waves can also be determined. The overall feature of the instantaneous polarization of shear-wave splitting is a combination of rectangular and semitriangular shapes.
WM5and WM6
The amplitude has four local maxima, and the polarization is again a combination of rectangular and semitriangular shapes. The polarization change on arrival of the slower shear wave has been marked by arrows in Fig. 2(b) , but is subtle and difficult to identify reliably.
WM7and WM8 /,
The amplitude has four clear local maxima, and the polarization has wholly rectangular shapes. The polarization directions and the delay can be determined easily.
To summarize: as the delay increases, the number of local maxima of instantaneous amplitude increases, and the shape of instantaneous polarization changes from a combination of rectangular and semitriangular shapes to a combination of purely rectangular shapes. Thus, shear-wave splitting can be identified from displays of instantaneous amplitude and polarization, and the polarization direction can be easily and accurately determined when the delays are sufficiently large. The delays are easy to determine when the delays are large, but may be difficult to determine when the delays are less than a cycle. We shall see that colour displays of the attributes are more informative.
COLOUR DISPLAYS
The use of colour in displaying seismic data has been shown to improve the perceptibility of subsurface features (Taner et al. 1979 ). Fig. 4 shows the colour codes used for displays of instantaneous polarization in this paper. Code (a) contains a series of contrasting colours, useful for identifying the exact value of the polarization; and (b) a series of continuous colours, useful for recognizing shear-wave splitting on a larger scale. Note that the colours repeat every 180". Thus, if the polarization values have a difference of f180", they will be coded with the same colour, allowing for the f180" difference between the positive and negative values of the polarization of linear motion. Figure 5 is the colour display of Fig. 2(b) , showing the colour-coded polarization angle in the contrasting colours of code (a) superimposed on a wiggle trace of instantaneous amplitude. This type of display aids estimation of the parameters of shear-wave splitting:
(1) The colour-coded polarization quantifies the polarization direction by reference to the colour key. For example WMl is a wholly red colour, which represents 162" f 3" (or -18" f 3"), where we use the angle (colour) D to represent the range D -3" < to 5 D + 3". From the shape of the polarization curve we know the angle is 162" f 3".
(2) The onset of the slower arrival can be easily identified by the change of the uniform (red) to the varying colours of elliptical motion in WM3 to WM7, or the uniform (black) Figure 5 . The colour-coded display of Fig. 2(b) , where a wiggle line of instantaneous amplitude is superimposed on the colour-coded instantaneous polarization.
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(3) The difference between the linear motion. WMl and the shear-wave splitting with a delay of more than a cycle, WM8, is clearly demonstrated by the colour. WMl has a single colour which implies no change of polarization (or a change of f180"); whereas WM8 has two different colours (separated by approximately 90"), which implies two approximately orthogonal linear motions.
In applying these techniques to seismograms with incoherent or signal-generated noise, the use of the continuous colour code is recommended for identifying shear-wave splitting, although the contrasting colour code may be required for estimating values of polarization. In the following examples, the polarization is coded by the continuous code (b). Two examples are used to demonstrate the significance and application of instantaneous attributes to anisotropic interpretations.
APPLICATIONS
AMC model and data
The data used are a synthetic VSP and a CMP gather from the response of the Edinburgh Anisotropy Project (Wild
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1990) to the Anisotropic Modelling Collaboration of Thomsen et al. (1989) . A number of research groups are contributing to the Anisotropic Modelling Collaboration (AMC) to calculate full wave synthetic seismograms in specified VSPs and CMPs in a given anisotropic multilayered model (Thomsen et al. 1989) . Fig. 6(a) , adapted from Wild (1990) , shows a schematic diagram of Model 1 (AMCl) used in this study (note that only every second three-component geophone is marked in the figure) . The crack strike is east-west in each anisotropic layer. The model features a strongly anisotropic layer from 1500 to 2000 m depth, simulating highly fractured reservoir rocks. The collaboration calculated a full nine-component (inline, crossline, and vertical sources recorded by inline, crossline, and vertical receivers) offset VSP, and a variety of nine-component reflection lines, as indicated in Fig. 6(a) . Only one source component, the inline component, of both the VSP, at an offset of 500 m and an azimuth of N45"E, and the 2400 m reflection line data, again at an azimuth of N45"E, are analysed here. Fig. 6(b) shows the two horizontal components of the VSP excited by the inline source located at S, in Fig. 6(a) . Cruciform patterns of particle motion in the polarization diagrams from primary downward propagating shear waves (polarization diagrams c and d) are observed within and below the simulated The two horizontal components of the VSP data for the inline source orientation. The offset is 500 m at an azimuth of N45"E. Note noise on the first five in-line source components. Some selected polarization diagrams are shown. Number on top right corner of the polarization diagrams is the geophone number at the time interval marked below. Arrows drawn on particle motions are in the same notation as Fig. 3 . Rl to R4 are reflected shear waves from Layers Ll to L4, respectively. Ml to M4 are the multiples of the primary downward propagating shear wave. The four particle motions on the left are selected from the primary downgoing shear waves, and on the right from the reflected shear waves. (c) The two horizontal components of the reflection line at an azimuth of N45"E for the inline source orientation with some selected polarization diagrams. Symbols drawn on the diagrams have the same notation as (b). Those on the left are selected from the , reflected shear waves Rl, R2, R3 and R4 at geophone 1 (near offset), and on the right from the same event-arrivals but at geophones at larger offsets where the polarizations have changed. fractured reservoir (Layer L4); the delays between the downward shear waves gradually increase with increasing geophone depth. Fig. 6(c) shows the two horizontal components of the CMP gather excited by the inline source located at SR in Fig. 6(a) . Polarization diagrams of the shear-wave reflection from the bottom of the reservoir (event R4; polarization diagrams d and h) have cruciform polarizations and show strong shear-wave splitting. Figure 7 shows the colour-coded display for the instantaneous polarization of the VSP data in Fig. 6(b) , with a superimposed wiggle trace of instantaneous amplitude. The display contains a large amount of relatively easily interpretable information. A few major items in the interpretation of the display are summarized as follows. (1) Event A corresponds to the P-wave arrival in Fig.  6(b) . The whole waveform of the instantaneous amplitude is covered by a single green colour, implying linear motion with a polarization angle of 0" f 3" (or f180 f 3").
Analysis of the VSP
(2) Event B is the direct shear wave. Shear-wave splitting can be clearly identified by the shape of polarization curve containing two rectangles of blue (132" f 3" or -48 f 3") and orange (42" f 3" or -138" f 3") representing orthogonal or nearly orthogonal motion. The polarization direction of the faster shear wave is represented by the blue rectangle (-48" f 3" or 132" f 3"), and the magnitude of the delay can be estimated from the duration of the blue rectangle. Below geophone 30, at the top of layer L4, the duration of the blue rectangle gradually increases, showing the delay between the split shear waves increasing with depth in the strongly anisotropic reservoir.
(3) Event C corresponds to R2, a reflection from the bottom of L2. Shear-wave splitting can also be identified by the change of colours from blue to orange. Because the delay is small, this change is subtle and can only be clearly seen at geophones 9,10,11, and 12, where there is a narrow band of blue.
(4) Event D corresponds to R3, a reflection from the bottom of L3. The blue rectangle covering the waveform indicates linear motion with a polarization angle of 132" f 3" (or -48 f 3").
(5) Event E corresponds to R4, a reflection from the bottom of L4. The waveforms of instantaneous amplitude are dominated by two rectangles of blue and orange, and the shear-wave splitting can be identified and parameters estimated as for the direct shear wave.
(6) Events F and G correspond to Ml and M2, respectively, multiples of the primary down shear wave. The shape of the polarization curve and the variation of colour show the same features as those of the direct shear wave. Figure 8 shows the instantaneous attributes of Fig. 6(c) displaying colour-coded polarization data superimposed by wiggle lines of instantaneous amplitudes. The instantaneous attributes of CMP gathers have two applications.
Analysis of the CMP gathers
First, as discussed in the VSP data, the attributes of the CMP gathers can be used to identify the type of shear-wave motion in reflected waves, as follows.
(1) Events A and F, describing the P-wave reflections from the bottom of layers Ll and L3, respectively, show linear motion as they are both dominated by a single light green (0" f 3" or f180" f 3") and dark green (174" f 3" or -6" f 3") colours, respectively.
(2) Events C and G (corresponding to Rl and R3, shear-wave reflections from the bottom of layers Ll and L3, respectively) are also linear motions at near offset and are dominated by one major colour: event C by the background green (0" f 3" or f 180" f 3"), and G by blue (132" f 3" or -48" f 3").
(3) Events E and H, corresponding to R2 and R4, are shear-wave reflections from the bottom of L2 and L4, respectively, and at near offsets both show shear-wave splitting which can be recognized by the shape of the polarization curve and the variation of colour from blue to orange. The polarization and delay can be determined in the same way as discussed for the VSP data. The delay of event E is small as indicated by the narrow blue rectangle, but the delay of event H is large as it traverses the strongly anisotropic L4 on both downgoing and upgoing rays.
Secondly, the attributes of CMP gathers contain information about the effective shear-wave window at the free surface for each shear-wave reflection:
(1) The polarization of the shear wave changes with offset, as demonstrated by the variation of colour. For example, event B (a P-S conversion from the bottom of layer Ll) starts with background green colour at near offset, then changes to a light green at middle offset, and becomes yellow at far offset, indicating an approximate 30" change in polarization as the angle of incidence on the reflecting interface varies (Liu & Crampin 1990 ). In contrast, the polarization of the P-wave is relatively unaffected by the variation of offsets as shown by events A and F.
(2) 'Critical angles' at internal interfaces can also be identified, where one of the shear waves has zero reflection amplitude as the offset increases (Liu & Crampin 1990) . For incidence on the reflecting interface smaller than this angle, the colour of the instantaneous polarization remains constant (or only shows gradual change), but at the critical angle the colour indicates a 90" polarization (phase) change. For example, the change due to the critical angle for reflection from Layer 1 for event C is at geophone 12 (the colour suddenly changes from green to red, indicating a 90" change), and the critical angle for reflection from Layer 2 for event E is at geophone 22. Similarly, there are critical angles for event G at geophone 28, and elsewhere.
Effects of the shear-wave window are difficult to observe because of the interference of multiply reflected and converted waves. Note that effects of the first 'critical angle' at internal reflections typically cause a comparatively simple change in polarization direction, and hence a change in the instantaneous polarization (Liu & Crampin 1990 ), whereas the shear-wave window at the surface usually causes much more complicated effects .
Identifying the offset at which the polarization of each shear-wave arrival changes polarity is important for stacking the CMP gather. Conventional stacking of split shear waves, where the polarizations and delays change markedly with offset, will tend to distort and degrade the characteristics of the split shear waves unless appropriate techniques are used (Li & Crampin 1989) . Such changes of polarity occur both at critical reflections at internal interfaces (Liu & Crampin 1990) , and at the surface shear-wave window .
DISCUSSION AND CONCLUSIONS
We have suggested a technique for the complex component analysis of shear-wave data by transforming the displacements from Cartesian to polar coordinate systems. The use of colour provides a technique for displaying the large amount of information contained in the shear wavetrain (Crampin 1985b ) in a form which is similar to many conventional time-versus-offset displays, and which could easily be assimilated into conventional stratigraphic analysis.
The VSP example shows how the technique can help in analysing and estimating shear-wave splitting continuously as it varies with depth. The results of pre-stack reflection data show how shear-wave splitting canbe traced along both time and offset directions, and reveals the potential for applying these techniques to post-stack data, so that much of the stratigraphic and anisotropic interpretation can be made on a single display of complex attributes. Although the instantaneous attributes were defined for vertical propagation, at wider angles they can be used to identify the various critical angles at the surface and at internal interfaces, which are critical for any stacking of shear-wave data in anisotropic structures (Li & Crampin 1989) .
We conclude that the treatment of the two horizontal components in multicomponent shear-wave data as a complex variable allows convenient displays of instantaneous amplitude and polarization. The colour display of these attributes allows the identification of shear-wave splitting and permits estimates of shear-wave polarizations and delays in seismic sections. The examples in this paper aim to demonstrate the concept of the complex component analysis of shear-wave splitting and the potential application of colour displays of instantaneous attributes. We suggest these colour displays provide a flexible format for recognising and parametrizing shear-wave splitting. Further developments and case studies are presented by Li & Crampin (1990b , 1991 .
